Abstract. Concrete maturity technology is used to predict the strength of concrete being cured and make an informed decision for stripping the formworks. However, the current concrete maturity method uses temperature sensors that require an extensive wiring, which is not often acceptable on construction site due to harsh working environment. Radio Frequency Identification (RFID) technology provides a solution for the wiring issue because of its ability of sending data wirelessly. An RFID tag integrated with a temperature sensor and placed within fresh concrete may be able to read temperatures of concrete and transmit them to an RFID reader wirelessly in real-time. It may then enable construction professionals to use concrete maturity technology to make an informed decision for stripping the formworks without having to worry about wiring issues on construction site. However, the previous research indicated that the RFID signal gets dispersed in liquid medium. One may speculate then how well RFID signals can travel through fresh concrete with high water content. Would water content of fresh concrete affect the readability of RFID tags? Would the tag's burying depth within fresh concrete affect its readability? This paper presents the results of our investigation on the readability of RFID tags placed in fresh concrete in the early stage of the curing process.
Introduction
Many forensic case studies of concrete construction report that failures of reinforced concrete structures take place often during construction (Ghosh 2008) . American Concrete Institute reports that these failures are mainly caused by formwork failures that usually occur when fresh concrete is being placed (Hurd 2005) . The formwork is not usually stable enough to handle the weight of wet concrete. Any unexpected event can cause the failure of one member, which makes other members overloaded, and eventually results in the collapse of the entire formwork. The premature removal of formwork and shores, motivated by a desire to speed up the construction process, is also one of the main causes of sudden collapse of concrete buildings under construction. Fourteen workers were killed and 34 were injured when the multi-story building in Fairfax County, Virginia collapsed in 1973 during construction (Leyendecker and Fattal 1977) . Fiftyone workers were killed when the cooling tower in Willow Island, West Virginia collapsed in 1978 during construction (Lew 1982) . Both incidents were caused by early removal of forms from the cast-in-place concrete structure. The construction failure of the condominium building in Cocoa Beach in Florida (Lew et al. 1982a (Lew et al. , 1982b ) is also one of the well-known collapses during construction. Premature removal of formwork coupled with insufficient concrete strength resulted in punching shear failure at the slab-column connection and triggered the vertical collapse in a progressive manner to the ground (Ghosh 2008) .
Estimating the strength development in the cast-inplace concrete structures at the early stage of the curing process has been of a major interest among construction professionals who want to speed up the concrete placement process but still secure the stability of the structure.
Using test cylinders is one of the most popular methods to figure out the strength development of fresh concrete placed in the formwork. Test cylinders produced when concrete is being placed on the jobsite are tested to measure their strength periodically. When the strength of a test cylinder exceeds a certain capacity, a project manager gains confidence that the concrete structure on the jobsite is strong enough to stand by itself, so it is safe to remove the formwork and shores.
However, the strength development pattern of the test cylinders can be different than that of the in-place concrete structure partially due to different curing conditions and environment. This may sometimes result in inaccurate reflection of the actual concrete strength development. For example, the Cocoa Beach condominium construction project used the laboratory-cured cylinders instead of the field-cured cylinders and failed to determine the actual strength of the concrete slabs, which contributed to the collapse of the building during construction (Ghosh 2008) .
The best way to figure out the strength development of the cast-in-place concrete structure at its early stage of the curing process would be measuring its strength directly. Many non-destructive methods were suggested to measure the strength of the field concrete at the early stage of its curing process. The concrete maturity method is one of them.
Concrete Maturity
The concrete maturity method comes from discovering the relationship between the thermal history of concrete and its strength development at the early stage of the hydration process (McDaniel 1915; Wiley 1929; Timms and Withey 1934) . Temperature within the cast-in-place concrete increases as time goes by because of the chemical reaction between cement and water. Understanding the co-relationship between this temperature change and concrete strength development gives us a chance to estimate concrete strength at a certain time during the concrete curing process (McIntosh 1949; Nurse 1949; Saul 1951; Price 1951; Bergstrom 1953) . The timetemperature relationship is called maturity, which is defined as a function of time and temperature. Many maturity functions, including the Nurse-Saul maturity function (Saul 1951 ) and the Arrhenius maturity function (Freiesleben-Hansen 1977) , have been proposed and verified (Naik 1985; Carino and Lew 2001) since the early 1950s. The Nurse-Saul maturity function defines the maturity index of cast-in-place concrete using temperature changes within the concrete and the elapsed time. The Arrhenius maturity function is suggested to convert the actual age of the concrete to its equivalent age in terms of strength gained at the reference temperature. If these functions can be used to determine the strength of concrete in real-time, all we would have to do is to measure the temperature within concrete. Goodrum and Dai (2004) demonstrated, from the pilot project conducted in Puerto Rico, that the in-situ concrete strength can be more accurately and consistently determined by the concrete maturity method than with other conventional methods. However, he also reported that it was not easy to keep wires connected between data loggers and the computer system. Goodrum's report suggests that the concrete maturity method can be better applied on construction sites if the wiring issue is resolved. One of the off-the-shelf technologies that may enable us to eliminate the use of wire is Radio Frequency Identification (RFID) technology.
Radio Frequency Identification (RFID)
Radio Frequency Identification (RFID) is a general term used to define any system that uses radio waves to transmit a unique identification number to an antenna. The RFID system consists of basically two main components: tag and reader. The memory in the tag contains a unique serial number and this serial number gets transmitted to the reader wirelessly.
RFID technology gained attention mainly because of limitations of the barcode systems. The ubiquitous auto-id technology called barcodes was considered as a revolution when it was first applied to a rail car tracking system in late 1960s. The optical CARTRAK system, developed by IBM, was based on a reflective multicolored barcode attached on the side of each railroad car. This system was designed to read the barcode on each car when it passed the optical reader in the station, and put it in a database. However, it was often difficult to scan the barcode accurately because of the problems that continues today: need of line of sight, dirt and scratches in the barcode, low durability, and low storage capacity (Shepard 2005) . Professionals were attracted to RFID technology because it appeared to have some advantages that may solve the problems with barcodes.
The concept of RFID was first introduced in World War II. During the war, radar technology was developed to warn approaching airplanes of while they were still miles away. The first generation of radar technology, however, was not able to identify whether these airplanes belonged to the enemy or not. It was discovered one day that the radio signal pattern detected at the radar station was distinctively different when the airplanes were rolling. The German pilots used this simple trick to inform the radar crew on the ground of their coming back (Rieback 2006) . Later the United Kingdom developed a device, called Identification Friend or Foe (IFF), to distinguish their airplanes from the enemy's airplanes. In this system, a transponder placed in airplanes sent a signal identifying itself upon receiving the signal from the radar (Bowden 1985) . Shepard (2005) noted that RFID works on the same basic concept. RFID readers send an energy beam to wake up tags, and detect a signal emitted by the tags.
After research advances in the 1950s and 1960s, RFID technology started to be utilized for commercial purposes. Companies such as Checkpoint and Sensormatic developed electronic article surveillance systems, which were designed to detect a 1-bit tag when it passed a checkpoint. If a shoplifter carried a piece of merchandise through the checkpoint with the tag attached and activated, an alarm would sound. RFID technology continued to evolve in 1970s, and its application was expanded to vehicle tracking. Mario Cardullo came up with the first RFID-like tag that consisted of a transmitter, a receiver, a small amount of internal memory, and a dedicated power source. He continued to refine this concept and eventually developed an automated tool collection system, which was tested by the Port Authority of New York and New Jersey (Landt 2001; Shepard 2005) . In 1990s, RFID was introduced to the department of transportation through the electronic tolling system. The first highway electronic tolling system, which allowed vehicles to pass the checkpoint at highway speed, was installed in Oklahoma in 1991 (Landt 2001) .
Concrete Maturity and RFID
The concrete maturity method uses a temperature sensor and temperature recording device. Before fresh concrete is placed, the electronic temperature sensors are placed in the formwork and connected to the recording devices with the use of wires. Installing wires on construction sites to connect all temperature devices with the recording devices may not be practical because of the harsh nature of construction sites. The network of wires may easily loose connections. Therefore, maintaining the wire network on construction sites while concrete is being cured is a challenge.
To overcome disadvantages of the wire network, various wireless sensors are being developed. One of the recent developments is the use of the sacrificial RFID tags integrated with the temperature sensor. The sacrificial RFID sensors are embedded in concrete to detect the temperature changes over time while concrete is being cured, and send their readings to a reading device (Goodrum and Dai 2004) . With the use of sacrificial RFID sensors, it is expected that the maturity and strength of castin-place concrete can be easily monitored in real time for 24 hours without having to deal with the wire network problems. Michigan Department of Transportation demonstrated the application the RFID temperature sensors to a road construction (Greenwood 2003; Hansen and Surlaker 2006) .
Motivation
Previous research found that the RFID readability decreases or stops if the tag is submerged in water (Schneider 2003; Fletcher et al. 2005) . The pilot study implemented by Proctor & Gamble reported that the RFID tags attached to liquid products such as liquid detergents were not easily detected while powdered detergents were easier to track (Brewin 2004) . These findings suggest that RFID tags located in fresh concrete in the early stage of the curing process may not be well detected by the recoding device because of the high water content in concrete. However, understanding that the hydration process of concrete consumes water, it would be also reasonable to expect that the readability of the RF signals should increase as time elapses because the water content in concrete decreases as the hydration process takes place. One may then ask then when exactly we would be able to detect the RF signals. Would it be possible to detect the RF signals on time and make an informed decision to strip the form? This question motivated our research team to figure out how the RFID signals emitted within fresh concrete at various depths gets detected at the early stage of the curing process.
Experiment
The research team assumed that three variables may affect the readability of the RF signals: 1) the burying depth of RFID tags, 2) the distance of the reader from the tag, and 3) time elapsed since the concrete is placed. The readability of the RF signals against these variables could be determined by monitoring the strength of the RF signals emitted from the RFID tags placed in a concrete block during its hydration process. The research team fabricated 4 formworks, and put 3 RFID tags at 3 different locations within each formwork. After placing fresh concrete into these formworks, the strength of the RF signals was measured at various distances from the concrete block.
RFID tags selected for the test
RFID tags come in different sizes, shapes, and ranges. Tags also can be divided into two types: 1) passive tags or 2) active tags. Passive tags do not contain batteries. They generate energy using electromagnetic power emitted by the reader's antenna. The reader therefore should be close to the tag to get it charged. Active tags have their own battery. They are used for long-range applications. Some active RFID tags are combined with other sensors. For this test, we decided to use an active RFID tag integrated with a temperature sensor. It was designed to read temperature periodically and emit its reading.
The RFID transponder and reader operate in three ranges of frequencies: 1) Low Frequency, 2) High Frequency, and 3) Ultra High-Frequency (UHF). Lowfrequency devices operate between 125 to 134 KHz and have a reading range of about 12 inches. High-frequency devices use the range of 3 to 30 MHz, and generally operate at 13.56 MHz. UHF devices operate in a range of 400 to 950 MHz and have the highest reading range. Every frequency range has its own merit and demerits. Lower frequency range devices use minimum power and are inexpensive. Its performance is affected by noise but is unaffected by metals and orientation. Higher frequency systems have properties opposite to the lower-frequency. These use more power, have longer reading range, and are more expensive than lower frequency systems (Shepard 2005). The RFID tags selected for this test uses an Ultra High-Frequency wave over 800 MHz.
Reader
The reader used for the test was a fully compliant PCMCIA (Personal Computer Memory Card International Association) Type II card. It can transform any compatible laptop, handheld, or other computing device into a powerful Intelligent Long Range (ILR) active reader with a range of 300ft. For our test, a laptop computer with the PCMCIA Type II card inserted served as a RFID reader.
Size of concrete blocks
Considering the various types and sizes of concrete members, it would not be possible to produce a generalized outcome unless a significant amount of cases were tested. Before getting into a full investigation, we decided to test a limited amount of cases in terms of tag location. The result of this test would allow us to see the trend and come up with a test for full-scale investigation. After looking up various sizes of concrete components used for commercial buildings in Texas, we determined to use a 2ft×2ft×2ft concrete block. However, the RFID tag selected for our test was a 5-inch long slim block (5.15in×1.1in×0.8in). Therefore, both ends of the tag in longitudinal way would be located 2.5 inch closer to the surface of the concrete block than other surface of the tag, if the tag is place in the middle of a cubic. The RF signals emitted through the longitudinal end of the tag would be able to hit the surface of the concrete block faster, which may bias the test result. In order to handle this issue, we decided to increase the size of the concrete Block to 3ft×2ft×2ft. Four formworks of this size were prepared for the test.
Tag location
According to the vendor's information, the RFID tag selected for our test is capable of sending signals as far as 300ft over the air. We placed three tags in the concrete block in such a way that they were at the same distance from top and front of the concrete block. After considering the tag's thickness of 1.1 inch, we decided to place the tag in every 4 inches, which leaves a gap of about 3 inches between tags. The tags were placed in such a way that their longer side was parallel to the longer edge of the box. This was to ensure that the signals emitted from the tag would travel approximately the same distance. The tags were held by nylon thread and wooden dowels at 4 inches, 8 inches, and 12 inches from the surface as shown in the Fig. 1 . 
Concrete
We used ready mix concrete for all 4 blocks to make sure that we didn't get different results due to different concrete property. The concrete's target strength was 3,000 psi. The slump of concrete marked 5 inches. The water cement ratio of the concrete was 0.53 by volume.
Implementation of Experiment
The experiment was carried out at an open ground in Texas. The concrete was poured slowly into the formworks in order to avoid any damage to the strings holding the tag. The test started in October, and continued for 13 days. Highest temperature during the test period was 90°F and lowest temperature was 42°F. Humidity changed somewhere between 50% and 80%.
Test Results
The tags embedded in either 4 inches or 8 inches from the surface started giving readings 3 to 4 hours after concrete was placed. The tags embedded in 4 inches were able to transmit signal to a distance of 60 ft. The travel distance of the tags embedded in 8 inches was limited to a range of 30 ft. The signals from the tags embedded at the depth of 12 inches were weakest of all. After 7 days the range of the tags increased considerably. The tags at the depth of 8 inches were able to transmit signal to a distance of 45 ft. The tags at the depth of 12 inches were able to transfer data to a range of 15 ft.
A distance versus time graph was prepared for every tag, which marks the time at which the tag started giving the signal at a particular distance. Fig. 2 shows variation of the range of the tags at depth of 4 inches from the surface with time. The tag in Block 1 started giving the signal 4.5 hours after pouring the concrete. The reading range of the tag in Block 1 suddenly increased 23 hours after pouring the concrete. The tag in Block 2 started transmitting just 1 hour after concrete was placed. The range of the tag increased with time. After 21 hours elapsed after concrete was poured, the tag started transmitting signal to the range of 60 ft. The tag in block 3 started sending signal 3 hours after the concrete placement. There was a sudden increase in 20 hours after the concrete was placed. The tag installed in Block 4 started responding to the reader after 3 hours. All the tags showed similar trend with time. The tags were not responding for the first three hours after pouring the concrete when the water ratio was high in concrete. This illustrates our speculation that RFID might not be able to transmit the signal in fresh concrete. There was an increase in reading range as the concrete matured and the water content of the concrete deceased. Fig. 3 illustrates an increase in the reading range of tags embedded at 8 inches with time. The reading range was stabilized after a gradual increase until 26 hours after the time of pouring. The tags showed the increase in the reading range after 7 days of pouring. Fig. 4 shows the reading range variation of tags buried at the depth of 12 inches. These tags were the last to respond and showed a lower reading range as compared with the tags at 4 inches or 8 inches in depth. The reading range of the tags was 15 ft when 7 days elapsed after the time of pouring. 
Analysis
The tags embedded at 4 inches in the concrete block were first to respond after the pouring of the concrete and were the earliest to reach an increased reading range. The tags at 12 inches in the concrete block were the last to respond and were last to get to the subsequent reading range. This observation suggests that the readability of the RFID tags is reversely proportional to the burying depth of the tags within the concrete block.
The tags placed in fresh concrete were not able to transmit the signal for the first 3 hours, but as the concrete matured and the water content in concrete decreased, the tags started transmitting signal. The RF signals emitted from 4 inches or 8 inches in the concrete block were detected at a distance of 30 feet in 3 days. However, the RF signals emitted from 12 inches in the concrete block were not detected at a distance of 30 feet even after 7 days. This observation suggests that tags embedded in less than 8 inches from the surface of the concrete block can be effectively utilized to determine the concrete maturity.
Conclusion
In theory, concrete maturity technology can be used to make an informed decision to strip the formworks. However, the current concrete maturity method uses temperature sensors that require an extensive wiring, which is not often acceptable on the construction site. Radio Frequency Identification (RFID) tags integrated with a temperature sensor could be an alternative solution. However, the readability of the RFID tags in fresh concrete is expected to decrease due to high water content. Our research team was wondering if it was possible to detect the RF signals on time and make an informed decision to strip the form. More specifically we tried to figure out how the RFID signals emitted at various depths within fresh concrete get detected at the early stage of the curing process. In order to figure it out, the research team fabricated 4 formworks, and put 3 RFID tags at 3 different locations within each formwork. After poring fresh concrete into these formworks, the strength of the RF signals was measured at various distances from the concrete block.
Our test discovered that:
− The reading range of the RFID tags was inversely proportional to the burying depth of the tag within concrete.
− The signal of the RFID tags did not travel for the first 3 hours when they were imbedded in fresh concrete.
− The RF signals emitted from 4 inches or 8 inches in the concrete block were detected at a distance of 30 feet in 3 days.
− The RF signals emitted from 12 inches in the concrete block were not detected at a distance of 30 feet even after 7 days.
− The reading range of the RFID tags increased with time. Although the results from this experiment cannot be generalized for the whole industry because a limited number of cases were tested using RFID tags provided by just one vendor, the preliminary findings suggest that the Ultra High Frequency (UHF) active RFID tags integrated with the temperature sensor can be used for the concrete maturity method if they are embedded in less then 8 inches from the surface of concrete block. However, the tag embedded at a greater depth did not transmit the signal to the reader effectively even after a certain hydration process took place. This variation may not be just because of the water content in concrete. The reading range may also be affected by something relative to the concrete composition. Further investigation therefore should be implemented to figure out the reason for this incident. The variations in the reading range can be enticing for the researchers in the construction industry. Similar experiments should be carried out with tags from different vendors and at different locations.
